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Abstract
Efflorescent salt crusts and associated sediments in Doath valley, California,

woro studied with mmoto-sensing data acquired by the NASA thermal-infrared
multispectral scanner (TIMS). Nine spectral classes that represent a variety of
surface materials wore distinguished, including several classes that reflect
important aspects of the playa ground-water chemistry and hydrology. Evaporite
crusts containing abundant thenardite (sodium sulfate) wore mapped along the
northern and eastern margins of the Cottonball Basin--areas whaere the inflow
waters aro rich in sodium. Gypsum (calcium sulfate) crusts were more common in
the Badwater Basin, particularly near springs associated with calcic ground waters
along the western basin margin. Evaporite-rich crusts generally marked areas
where ground water is periodically near the surface, and thus, able to replenish the
crusts though capillary evaporation. Detrital silicate minerals were prevalent in
other parts of the salt pan where shallow ground water does not affect the surface
composition. The surface features in Death Valley change in response to climatic
variations on several different time scales. For example, salt crusts on low-lying
mudflats form and redissolve during seasonal-to-interannual cycles of wetting and
desiccation. In contrast, recent flooding and erosion of rough-salt surfaces in
Death Valley probably reftects increased regional precipitation spanning several
decades. Remote-sensing observations of playas can provide a means for
monitoring changes in evaporite facies and for better understanding the associated
climatic processes. At prosent such studios are limited by the availability of
suitable airborne scanner data. However, with the launch of the Earth Observing
System (EOS) AM-1 Platform in 1998, multispectral visiblo/near-infrared and

thermal-infrared remote sensing data will becomo globally available.




Introduction

Playa evaporite deposits like those of Death Valley, California, are common
features in dosort regions whore closed drainage basins and high evaporation rates
favor the development of brines and saline minerals. Local variations in rock type
and weathering produce a wide chemical range in brine and mineral compositions
(Eugster, 1980), and some playas contain economic mineral resources, including
boron- or lithium-rich brines (Vine, 1976; Reeves, 1978). In addition to their
possible economic value, playa evaporates may serve as indicators of short-term
climate variations. Efflorescent salt crusts, produced by tho capillary evaporation
of near-surface brines, typically cover many square kilometers in playa settings
(Eugster and Hardie, 1978). The salt crusts are delicate sedimentary features,
affected by seasonal-to-interannual changes in rainfall, inflow water volume,
temperature, and wind ablation {Smoot and Lowenstein, 1991; Smith and others,
1987). Observing the response of playa efflorescent crusts to climate-driven
variations in these parameters has been suggested as an approach for monitoring
climate changes in arid regions (Crowley, 1993). However, the ability to study
salt crusts is hampered by their large areal extent, and in many parts of the world,
by difficult access.

Remote-sensing techniques are an important tool for playa studies.
Multispectral images have strong potential for use in mapping efflorescent salts
that exhibit short-wave infrared (1 .0-2.5 gm) and thermal-infrared (8.0-12.0 um)
spectral absorption features related to hydrogen-bonded water molecules, and to
hydroxyl, carbonate, sulfate, and borate anion giroups (Farmer, 1974; Crowley,
1991; Salisbury et al., 1991 ). Short-wavo infrared spectra are also very sensitive
to minor hydrate mineral components of natural salt mixtures and to moisture
variations across playa surfaces (Crowley, 1993). Based on the spectral detection

of certain minerals that serve as chemical indicators, it is also possible in some




cases to infer the compositional type of the parent brine that an evaporite sample
represents {(Crowley, 1 993).

Previous work in Death Valley, California, has demonstrated the utility of
NASA’s Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) for mapping playa
evaporite minerals based on their short-wave infrared spectral proportion (Cro wley,
1993). However, in that study it was noted that several chemically important
evaporite minerals, including thenardite (Na;S04) and anhydrite (CaSO,4), which
lack short-wave infrared spectral features, could not be detected with data from
the AVIRIS sensor. These anhydrous sulfate minerals do exhibit spectral features
in the thermal-infrared wavelength range, and thermal-infrared remote sensing data
may provide a useful complement to short-wave infrared data for mapping
evaporites. This potential application is explored using imagery acquired by
NASA’s Thermal Infrared Multispectral Scanner (TIMS), a six-channel airborne
instrument operating in the 8-12 um wavelength region (Palluconi and Meeks,
1985). The study is part of an ongoing project to investigate the use of remotely-

sensed data in multiple wavelength regions for observing playa evaporates.

Theoretical Framgwaork

A wide variety of minerals exhibit diagnostic spectral features in the thermal-
infraroed wavelength range. The major emissivity features of rock-forming silicates
are mainly due to fundamental vibration modes of the Si0,anion group (Hunt,
1980). In evaporates, emissivity features generally result from sulfate, borate, and
carbonate anion groups (Hunt and Salisbury, 1971; Hunt ot al., 1971; 1972;
Hunt, 1980). Anhydrous chloride minerals, including halite (NaCl) and sylvite
(KCI), are spectrally featureless in the thermal-infrared wavelength region,
although, as discussed in a later section, minor sulfate and other impurities may be

evident in emissivity spectra of natural salt crusts that are chloride-rich.



Figure 1A illustrates calculated emissivity spectra for 8 number of pure
evaporite minerals, and also depicts the same spectra after convolution to the six
TIMS filter functions. The six sulfate minerals included in the figure (thenardite,
gypsum, anhydrite, hexahydrite (MgSQ4:6H,0), bloedite (NazMg(S04)2°4H,0),
and glauberite (Na;Ca(S04)2), exhibit spectral differences related to SO,anion site
distortions in each mineral structure (see Ross, 1974). In principle, these
distinctive spectral features might permit the minerals to be identified with thermal-
infrared remote-sensing data. In practice, however, the sulfate minerals seldom
occur in pure form, and particle size, surface moisture variations, and other
complex factors must be considered in remote-sensing spectral interpretations
(Eastos, 1989; Salisbury and others, 1991). The ulexite (NaCaBgOg(OH)g 6H20)
spectrum is typical of borate minerals in thatthere are several emission features in
the 8-12 um wavelength range. Unfortunately, when most borate emission
spectra are convolved to the six TIMS filter functions the spectral features are
undersampled and become obscured. Similarly, the spectrum for the carbonate
mineral, trona (Nazg(CO3){HCO3) -2 H,0), exhibits a single narrow feature near 11.7
um, and the corresponding TIMS spectrum lacks useful shape information.

Figure 1B shows calculated emissivity spectra for several pure silicate
minerals that arc common in Death Valley as well as other playa settings. All of
tho emissivity features displayed between approximately 8.0-10.0 um result from
Si-O stretching vibration modes (Farmer, 1974; Hunt, 1980). Phyllosilicate
minerals also can exhibit emissivity features in the 10.0 -12.5 ym wavelength
region associated with bonding modes involving Mg-OH and AI-OH. Howover,
nong of the phyllosilicate spectra included in Figure 1 B show these features. Table
1 lists the locality and/or source of each evaporite and silicate reference sample.

The occurence of various evaporite minerals in playas is closely linked to the

chemical composition of local ground waters. Infact, evaporite mineral formation
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plays an important role in the chemical evolution of playa ground waters and brines
through the action of chemical divides. For example, the early precipitation of

calcite (CaCO3), with accompanying removal of calcium and carbonate ions in

equal proportions, causes water compositions to branch into one of two broad

chemical types: Waters with initial ion concentrations of Ca*zl(HCO3'+ C032)
greater than 1 commonly pass through a second chemical divide involving gypsum
and develop into neutral Na-SO4-Cl brines; waters with initial Ca*2/{HCO5" +

CO3?) less than 1typically evolve into alkaline Na-HCO3-Cl brines (Eugster and

Hardie, 1978). Several other permutations in brine composition are possible, but
the general course towards neutral or alkaline compositions is fixed at the calcite
precipitation stage (Eugster, 1980). The minerals associated with major chemical
divides, including calcite, dolomite, and gypsum, are ubiquitous in playa settings.
Other minerals are found only in association with brines of a particular chemical
composition. For example, brines that are rich in sodium and bicarbonate typically
produce efflorescent salt crusts that contain abundant trona. Magnesium- and
sulfate-rich brines produce hexahydrite and/or bloedite. Eugster (1 980) and
Eugster and Hardie {(1978) discuss chemical divides, other fractionation

mechanisms, and mineral assemblages that are characteristic of different brine

types.




Study Area

Death Valley lies at the western margin of the Basin and Range
physiographic province and contains a variety of rock typos (Hunt and Mabey,
1966). The oldest rock units are Precambrian schist and gneiss, which compose
much of the Black Mountain Range along the southeastern vatley margin, as well
as portions of the Panamint Range to the west (Fig. 2). Overlying these rocks are
metasediments, including quartzite, metaconglomerate, argillite, and dolomite,
which compose much of the Panamint Range. A thick sequence of Paleozoic
sedimentary rocks, consisting mostly of carbonates, is expased on the eastern
slope of the Panamint Range. At the north end of the Black Mountains is the
Tertiary Artist Drive Formation, composed mainly of felsic volcanic rocks and
interbedded elastic sedimentary rocks. Unconformably overlying the Artist Drive
Formation is the Furnace Creek Formation of Miocene and Pliocene{?) age. The
Furnace Creek Formation is a mixture of conglomerate, saliferous playa sediments,
and interbedded basalts and tuffs (McAllister, 1970; 1976). This formation hosts
large borate mineral deposits that have been exploited since the early twentieth
century (Barker and Wilson, 1975; Smith, 1985). The Furnace Creek Formation is
uncomformably overlain by the Funeral Formation of Pliocene and Pleistocene(?)
age (McAllister, 1970). The Funeral Formation consists mainly of poorly-stratified
conglomerate, sandy mudstone, and basaltic flows. Additional details of the
structure and stratigraphy of the Death Valley region and the Furnace Creek borate
deposits are in Hunt and Mabey (1 966), McAllister (1970;1 976), and Barker and
Barker (1 985).

The Death Valley salt pan covers over 500 km? and contains surface crusts
of evaporite minerals ranging from a few millimeters to more than one meter in
thickness. As discussed by Hunt and others (1 966), the salt pan displays a zoned

arrangement of evaporite minerals,including a central chloride zone, surrounded by




fringing zones of sulfate and carbonate salts. This zonation reflects differences in
the solubilities of the salts, with more soluble minerals generally forming towards
tho center of the salt pan. Beneath the surficial deposits alternating layers of salt
and clay-rich sediment have been found to depths of more th8n 300 m.

This report focuses on two subareas of the Death Valley salt pan, the
Cottonball Basin and the Badwater Basin, which exhibit mineralogical variations
related to differences in the surrounding rock types and hydrological regimes. The
Cottonball Basin at the north end of the salt pan receives most of its inflow as
ground water, a significant fraction of which is derived from, or at least flows
through, the Furnace Creek and the Funeral Formations. This inflow has
somewhat greater Na/Ca values than inflow to other parts of the salt pan, and is
locally higher in bicarbonate (Hunt and others, 1966). The Badwater Basin in the
southern part of the salt pan receives ground-water inflow derived from Paleozoic
sediments (mainly carbonates) located on the eastern slopes of the’ Panamint
Range, as well as from the metamorphic rocks of the Black Mountains. The
Badwater Basin also receives sporadic, but volumetrically important, surface-water
inflow from the Amargosa River, which enters the valley from the south. The
Badwater Basin inflow sources generally have lower Na/Ca values and are less

bicarbonate-rich than the inflow to the Cottonball Basin (Hunt and others, 1966).




Data Collection and Analysis

TIMS data consist of imagery recorded in six spectral channels that are
designed to take advantage of an atmospheric window extending from about 8.0-
14.0 pm. The data used in this study were acquired from an altitude of approx-
imately 9,000 m by the NASA-Ames C-130 aircraft at 11:00 AM, April 6, 1994.
The wavelengths of the six TIMS bandpasses vary slightly from year to year and in
this case had band centers at 8,412, 8,791, 9.199, 9.893, 10.743, and 11.641
pm. TIMS has an instantaneous field of view of 2.5 mrad and a total field of view
of 76.560. The swath width varies with the altitude of operation and for this fright
was approximately 11 km, with each image pixel corresponding to a ground spot
of about 20 x 20 m. Additional information on the TIMS instrument design and
oporation is given in Palluconi and Meeks (1 985) and Realmuto and others (1 995a;
1995b).

At the time these TIMS data were collected, the Death Valley basin floor
was generally dry, although the lowest areas of the salt pan had moisture present

just below a thin (1-2 cm) surface layer of dry salt. Heavy regional rainfall and

flooding of some areas of the salt pan in January, 1993, was followed by sparse
rainfall ( < 10 mm) over the next 22 months. While such aridity is not unusual for
Death Valley, the efflorescent salt crusts of tho basin floor were perhaps better
developed at the time of this data set than at any other timo during the preceding
seven years (J. Crowley, pers. ohs.). This TIMS data set therefore holds particular
intorest for the relatively dry surface condition that it represents.

A total of approximately 100 field samples were collected in December
1993, April 1994, and December 1994. Directional-hemi spherical thermal-infrared
reflectance spectra of the samples wore measured in the laboratory using a Nicolet
5DXB FTIR spectrometer, and were subsequently converted to emissivity by using

Kirchhoff's Law (Salisbury and others, 1991; 1994). The samples were analyzed
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by X-ray powder diffraction (XRD} to determine mineralogy. Sample mineralogy
and other information is given in Table 1.

In additionto the laboratory spectra, in situ spectral measuremonts were
made at the majority of sample sites by using the JPL field emission spectrometer
(uFTIR) developed by Designs and Prototypes, Inc. The uFTIR is a lightweight,
field-portablo interferometer with a spectral resolution of approximately 6 cm-?,
Calibration of the instrument is achieved using a portable blackbody and the data
are recorded directly to a portable computer. Some of the uFTIR data have an
erratic saw-tooth appearence due to a calibration error in the downwalling radiance
measurement (A. R. Korb and others, Portable FTIR spactroradiometer for field
measurements of radiance and emissivity, submitted to Applied Optics). In the
present study, the calibration error was most noticeable in samples having low
emissivity in the 10-12 um wavelength region (see Figure 6). Additional
description of the uFTIR instrument, its operation, and examples of other spectra
can be found in Hook and Kahle (in press).

The TIMS sensor measures the energy radiated from the Earth’s surface and
modifed by the atmosphere. Initially, the TIMS data were calibrated to radiance at
tho sensor (Palluconi and Meeks, 1985) and then the atmospheric component of
the total radiance was removed by using the MODTRAN radiative transfer model
{Berk and others, 1989). MODTRAN derives values for the atmospheric correction
based on an input atmospheric profile. Default parameters for this profile are
available within MODTRAN, or the parameters can be obtained through direct
atmospheric measurements at the time of the aircraft overflight. in this study no
direct atmospheric measurements were available and the default mid-latitude
winter profile was used, The winter profile, rather than the summer profile, was
chosen because the latter contains far more atmospheric moisture than would be

expected for a desert area. An alternative approach would have beon to use a
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mid-latitude summer temperature profile with a mid-latitude winter moisture profile.
Following the initial atmospheric correction, the brightness temperatures of two
areas, one of rough-salt and another coverod by vegetation, wore examined. The
rough-salt area consisted mainly of dry halite with small amounts of entrained clay
and silt. Such areas have an unusual microtopography of pits and spires with
relief on the order of 0.2-0.5 m. Although some samples collected from the rough-
salt exhibited spectra! features when measured at close range (e.g. in the
laboratory), virtually all of the rough-salt areas exhibited very low spectral contrast
in the remotely sensed data. The rough surface evidently behaves as a cavity
radiator--simulating an almost perfect blackbody. Similarly, vegetation has a near-
constant emissivity at the spectral resolution of the TIMS and may also be
regarded as an approximate blackbody (Salisbury and D' Aria, 1992). Brightness
temperatures in each of the six TIMS channels should therefore be approximately
constant over these two types of targets (although brightness temperatures will
vary between targets). After the initial calibration using the default mid-latitude
winter profile, the brightness temperature values in channel one were observed to
be considerably greater than those in the other channels. Accordingly, the amount
of water vapor in the profile was reduced until there was good agreement between
the temperature values in all six TIMS channels for the two types of calibration
targets. Although this required a 70 percent reduction in the original water vapor
profile value, it should be noted that there was so little water in the initial profile
that the resulting changes to the radiance spectra were very minor. Furthermore,
the alpha-residual technique used to extract emissivity information from the TIMS
radiance data {see below), is relatively insensitivo to small errors in surface
temperature, which might be caused by errors in the atmospheric correction. This

approach to atmospheric correction of TIMS data is discussed further by Hook and

others (1 992).




After the atmospheric correction, the ground radiance values area function
only of surface temperature and emissivity. In this study we were interested
primarily in emissivity variations that relate to variations in evaporite mineralogy.
This emissivity information was extracted with the alpha-residual technique
discussed by Hook and others {1992) and Kealy and Hook (1993). The technique
linearizes (by taking logarithms) Wien's approximation of the Planck function
relating radiance to temperature and emissivity. Thelinear equation is manipu-
lated to isolate and remove a constant temperature term for each spectral band to
produce a temperature-independent index. The resulting alpha-residual spectra
have shapes similar to emissivity spectra, although the mean value of each
spectrum is zero. This method is one of several available for extracting emissivity
information from thermal-infrared scanner data, such as the normalized emissivity
technique described by Realmuto (1990), and the ratio method described by
Watson (1 992). The alpha-residual method is preferred over the normalized
emissivity technique because it allows emissivity variations in all six TIMS
channels to be examined and it is less sensitive to noise (Hook and others, 1992;
Kealy and Hook, 1993). The alpha-residual method is preferred over the ratio
approach because ratios are also very susceptible to noisc and aro more difficult to
relate to laboratory spectra.

The alpha-residual images were studied initially using an unsupervised K-
means classification program to help identify spectrally distinct materials within the
salt pan (Tou and Gonzalez, 1974). A digital mask was applied to the alpha-
residual data to limit tho unsupervised classification to only the salt pan. The
mask was necessary to avoid undesired classifier attention 1o the surrounding
alluvial fans, which in many areas showed much stronger spectral contrasts than
the salt-pa>1 materials. The unsupervised classification was quite effective at

identifying spectrally distinctive materials, including at least one spectral class that
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was not known from previous field studies using short-wave infrared remote
sensing data (Crowley, 1993). However, the classification results did not provide
a complete substitute for a priori knowledge of the study area, as the important
distinction between gypsum/anhydrite and thenardite was not made in the
unsupervised classification. Gypsum/anhydrite and thonardite were separated
using appropriate input spectra in the next analysis procedure outlined below.
Based on the classification results and general field knowledge of the study
area, eleven alpha-residual spectra representing different playa surface materials
were identified. These spectra were used as input to a second classification
procedure that calculated the vector angle (in 6-channel space) between each
input spectrum and each “unknown” spectrum inthe TIMS data (Kruse and others,
1993). Smaller vector angle values signify closer spectral similarity. A series of
gray scale images was generated (one image for each input spectrum), depicting
varying degrees of spectral similarity as a range of digital numbers. The eleven
output images were thresholded to better constrain the limits of individual spectral
classes; these images then were combined as overlays on a single base image with
each spectral class displayed in a different color. The Badwater Basin and the

Cottonball Basin data were processed in exactly the same way.
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Results
Cottonbali Basin:

Plate 1 is a color image showing the distribution of spectra classes in the
Cottonball Basin study area, Three of the original eleven input spectra were
extracted from different areas of the same surface unit (the halite-rich rough-salt
discussed below) and their classification images are combined as a single color
overlay (cyan on the composite image). Thus, there are nine color Patterns Present
on Plate 1, although one (salmon) is very sparsely distributed in this part of Death
Valley. The same nine color patterns are used on the Badwater Basin image (Plate
2). The color overlays on both plates are superimposed on gray-scale psoeudo-
temperature images of the salt pan (dark areas are relatively cool; bright areas
relatively warm). The psrxrdo-temperature images are derived from the mean
temperature values calculated for each pixel in the alpha-residual procedure (Kealy
and Hook, 1993). Areas within the salt pan that are not classified in one of the
nine colors generally had low-contrast spectral curves and were not distinguishable
spectrally.

Figure 3 shows laboratory and field spectral curves for seven samples
representing the main spectral classes in the Cottonball Basin, as well as the
corresponding alpha-residual spectral curves extracted from the TIMS data.
Spectrum “A” on Figure 3, extracted from an area shown in yellow on Plate 1,
represents areas with abundant thenardite (Na-sulfate) in the efflorescent crusts
(Table 1). The uFTIR spectrum for sample A has a distinctive spectral feature that
is characteristic of thenardite and which translates to an emissivity minimum in
TIMS channels 1 and 2 (also see Fig. 1). The distribution of thenardite around the
northern and eastern sides of CottonballBasin probably reflects the inflow of Na-
rich ground and surface waters derived atieastin part from the weathering of

Furnace Creek formation rocks.
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The orange areas on Plate 1 correspond to silty halite-rich crusts without
much thenardite and have associated spectral curves that exhibit weak emissivity
minima in TIMS channels 3 or 4 due to fine-grained feldspars and clay minerals
(Figure 3, spectrum “B”; Table 1). In addition, these spectral curves show a
downward stope towards shorter wavelengths, probably due to small amounts of
guartz in the surficial sediment. Although the silty halite-rich crusts generally do
not contain as much salt as the thenardite-rich crusts, ground-water levels are
relatively shallow as indicated by field observations of phreatophytic vegetation and
the formation of carbonate cements in many of these areas. (Neither the
vegetation nor the cements are directly visible from the imagery).

Spectrum “C” in Figure 3 illustrates the distinctive appearance of pure
gypsum/anhydrite (Ca-sulfate), which is indicated by red pixels on Plate 1. Only a
few small areas of gypsum/anhydrite are shown on the Cottonball Basin image,
although gypsum/anhydrite is present in many field samples as a minor constituent
in silty mixtures with quartz, feldspar, or carbonate minerals. Such mixtures
typically are very fine-grained and spectrally featureless in the thermal-infrared.
Note that even though pure gypsum and anhydrite have distinctive shapes in
Figure 1, anhydrite was not distinguished from gypsum in any of the field sample
spectraor in the TIMS alpha-residual spectra. 1 his may be related to the fine
particle size of the anhydrite, which is formed by the dehydration of gypsum.
Furthermore, all anhydrite-bearing field samples were impure and included
significant residual amounts of gypsum and/or bassanite (Cased.1 /2H,0).

Spectrum “C)” on Figure 3, represents illitic clay and/or muscovite that has
been reworked from Furnace Creek Formation sediments and deposited on the
Furnace Creek alluvial fan (Plate 1, dark blue pixels). These materials exhibit a
emissivity minimum in TIMS channels 3 and 4 (Compare Figs. 1B and 3). A

second, weaker, emissivity feature is evident at approximately 11.6 gm in field
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sample “D.” The origin of this feature is uncertain, although abundant carbonate
minerals in the fan sediments (Table 1) may account for the feature. Spectrum “E”
on Figure 3 represents quartz-rich fan gravel overlying silty efflorescent crusts in
the northern portion of the image (Plate 1, green pixels). In the southern part of
Cottonball Basin, west of the Furnace Creek fan, green pixels mark the presence of
quartz-rich marginal mudflats. Although these mudfiats occupy a marginal zone
that is similar to the silty halite- and thenardite-rich crusts (orange and yellow
pixels), the quartz-rich character of the mudflats indicates a different depositional
regime. The quartz is mainly derived from quartzite exposures in the adjacent
Panamint Range, and depending on which alluvial fan drainage channels are
presently active, some marginal areas of the salt pan become quartz-rich, whereas
others do not. The green and orange/yellow classification patterns therefore show
a distinction between the mudfiat environment of primarily detrital sedimentation,
and the silty halite/thenardite environment of primarily chemical sedimentation,
respectively.

Spectrum “F” on Figure 3 represents halite-rich rough-salt that exhibits low-
contrast spectra due to cavity-radiator behavior noted above (Plate 1, cyan pixels).
There is considerable subtle spectral variation within the rough-salt unit and many
areas aro not welt mapped even though three spectral classes were combined to
represent the unit, This problem stems in part from the use of the vector-angle
mapper algorithm, which is relatively insensitive to small variations in spectral
shape associated with low-contrast spectra. Tho rough-salt microtopography
occurs in areas of the central salt pan that have near-surfaco (loss than ono meter
depth), chloride-rich brines, but aro slightly elevated, and thus protected against
normal seasonal flooding,

The light green areas on Plate 1 consist of halite-rich crusts that also contain

the Na-Ca-sulfate mineral glauberite. The spectral shape of these glauberite-
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bearing crusts is illustrated by curve “G” in Figure 3. Unlike the spectral curves
already discussed, the laboratory spectrum of the glauberite-bearing crusts does
not bear a close resemblance to alpha-residual spectra for this very well defined
image pattern (Fig. 3). The light green pixels occur in low-lying mudfiat areas in
the center of the salt pan that are generally the last areas to desiccate completely
following a significant rainfall or inflow event. The discrepancy in spectral shape
indicates that the spectral characteristics of these areas changed during the seven-
month interval between the acquisition of the TIMS data and later field work. A
spectral model to explain this behavior is shown in Figure 4. The alpha-residual
spectrum (Figure 4, spectrum 1) can be approximated by a 33:66 mixture of
muscovite and glauberite-bearing crust (Figure 4. curves 2,3, and 4)- Such
mixtures are a possible precursor to mom extensive crust development, and may
have been common at the time of the TIMS overflight (e.g., assuming that the
central mudflat areas had not crusted-over completely). Muscovite is common in
samples from the light-green-classified mudflats; however, several other minerals
are present (Table 1) and may also contribute to the spectral response.

Figure 5is a geologic map of Recent saline deposits in the Cottonball Basin
area redrawn from Hunt and others (1 966). Descriptions of the various map units
are given in Table 2.

Even though the geologic map is based on fieldwork performed nearly four
decades prior to the present study, the color TIMS image and the map show
important similarities. Map areas of the saline facies, carbonate and sulfate zones
(map unit "cs")are indicated by the yellow and orange pixels on the image (Plate
1, “A”). As described in Table 2, the lower portions of this unit are subject to
flooding by the rise of ground waters during wet periods, a fact thatis born out by
the abundant efflorescent salts in the surficial crusts. Orange pixels also map

some areas of silty halite (e.g., unit "sh” in the west-central part of the Cottonball
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basin) that are transitional in salt content between the saline facies of the sulfate
and carbonate zones (unit "¢s”) and other unclassified silty halite areas. Several
map areas of rough-salt and eroded-salt (units “rs”and “o0s”) along the inner
margin of unit “cs” are distinguished by cyan pixels on the TIMS image (Plate 1,
“F”), although many other rough-salt areas are not classified. Finally, the marsh
facies (unit "mf") of Hunt and others (1 966) is indicated on the image by darker
gray-to-black areas within the salt pan. Such areas are relatively cool due to

spring discharge and the evaporation of moisture from tho surficial sediments.

Badwater Basin:

The color TIMS image of the Badwater Basin and associated spectral curves
from selected areas are shown on Plate 2 and Figure 6, respectively. Figure 7
again shows a geologic map of the Recent saline deposits redrawn from Hunt and
others (1 966).

The most striking feature of the Badwater Basin image is a fringing zone of
magenta- and salmon-colored pixels around the cool (dark) salt flat of the central
basin (Plate 2, areas H, 1, and J, respectively). These pixels have an unusual
emissivity minimum near 10.6 um (Fig. 6, spectrum H) that evidently is caused by
finely-dispersed Na-sulfate impurities in halite. 1 he uFTIR field spectra for these
crust areas display the saw-tooth effects of the calibration error, noted earlier (e.g.
Fig. 6, spectra H-J); however, the Na-sulfate impurities are detected in XRD
analyses that show the presence of a poorly forined mirabilite-like phase (Table 3),
and similar spectral features are seen in laboratory spectra of artificial mineral
mixtures (Fig. 8, curve B). Note that in preparing the Figure 8 mixture, the
component salts were crystallized together from solution, rather than physically
mixed as fine-grained powders. Tho crystallization step was necessary to obtain

the correct spectral match, By comparing curves A, B, and C in Figure 8 it can be
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soen that the mirabilite-like phase exhibits transmission behavior in the halite
medium. The possibility of such behavior in evaporite mixtures was first
suggested by Eastes (1989), although he did not reproduce the spectral shapes
seen in natural samples by using synthetic mixtures as shown here. In addition,

while the example mixture shown in Figure 8 only involves Na;S0O4 and NaCi,

more complex natural mixtures are common. Transmission behavior involving
aphthitalite ({ NaK)3Na(SO4),)-mirabilite-halite mixtures was also simulated by using
laboratory mixtures and was observed in some Death Valley samples.

The strength of the 10.6-pm emissivity feature decreases towards the basin
center (magenta-to-salmon-to-black transition on Plate 2), either indicating a
compositional gradient, or perhaps a moisture gradient with the slightly deeper
center of the pan retaining more moisture than the pan margins (Fig. 6, spectra H,
1, J). Spectra measured for dry crusts in the central {black)zone seven months
after the TIMS overflight do show Na-sulfate features of various intensities (e.qg.
Fig. 6, spectrum N)'. This indicates that the 10.6-um feature in the central part of
the salt pan was either masked by moisture, or not yet formed, at the time of the
scanner overflight. Notwithstanding this uncertainty, the data show that spectral
measurements have the potential to discern Na;S04-halite compositional variations
under dry conditions.

Spectrum K in Figure 6 represents gypsum/anhydrite, which is notably more
abundant in the Badwater basin than in the Cottonball basin. Extensive flats of
gypsurn occur around springs on the western margin of Badwater basin, such as
Eagle Borax spring, and near Tule spring (Fig. 2). The gypsum crusts are
rejuvenated during periods of high ground-water levels and increased spring
discharge; later the crusts desiccate to form bassanite and anhydrite. In contrast
to the Cott\onball basin, extensive thenardite crusts do not occur in the Badwater

basin, although the mineral is locally abundant in mixtures with other minerals
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{Crowley, 1993). The greater abundance of gypsum versus thenardite in the
Badwater basin reflects the greater concentration of Ca relative to Na in the local
inflow waters, and the more calcic rock types from which the waters are derived.

Green pixels in the Badwater Basin (Fig. 6, spectrum L) again represent
quartz-rich mudflat areas that generally do not have near-surface ground water and
associated efflorescent salts. Dark blue pixels are illite- or muscovite-rich areas
(Fig. 6, spectrum M) and orange pixels indicate moderate efflorescent salt devel-
opment in some areas along the pan margin (Fig. 3, spectrum B). Light green
pixels, which in the Cottonball basin indicated glauberite-bearing efflorescent
crusts, are relatively uncommon in the Badwater Basin area. Nonetheless, light
green pixels do define an unusual crescent-shaped feature on the eastern margin
of the Badwater image (Fig. 6, spectrum N). This narrow feature is located in
halite-rich crusts immediately to the west of a small alluvial fan. The feature
conforms in shape to the fan outline, and represents an area of ground-water
inflow along the fan margin that is slower to desiccate than other nearby areas of
the salt pan. Based on the spectral similarity of this area to the light green areas in
the Cottonball Basin, we believe that silicate-evaporite mixtures probably account
for the crescent-shaped feature.

Comparing the classified image to the geologic map of the salt pan (Fig. 7)
several similarities and some key differences can be noted. One similarity is that
the classified image pattern for gypsum/anhydrite (red pixels) corresponds well
with the mapped distribution of massive gypsum (map unit "mg"}, particularly
along the western margin of the salt pan. The extent of the gypsum/anhydrite on
the image is somewhat less than that shown on the map because of the modifying
effects of other mineral phases (especially silicates) on the gypsum/anhydrite
spectral signatures. Orange and yellow pixels on the image again map areas in the

carbonate and sulfate zones (map units “cs” and "ci"; Plate 2, area B) and also
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include a few areas of silty halite (map unit "sh™). Dark blue pixels representing
illite/muscovite are more widely distributed in the Badwater Basin compared to the
Cottonball Basin. A strong concentration of these pixels occurs in the upper right
portion of the image associated with alluvium derived from the Artist Drive
Formation (Plate 2, area M); dark blue pixels are also associated with the eroded
salt unit (map unit “es”) in the southern (lower) portion of the Badwater image.
An important difference between the geologic map and the TIMS classified
image of the Badwater Basin involves the reduced extent of the rough-salt and
eroded-salt facies (map units “es” and "rs"; Plate 2, cyan pixels, area O).
Boundaries of both units have contracted, in some places by as much as a
kilometer, during the 36-year interval between the (ea. 1958) field studies of Hunt
and others (1 966) and the TIMS overflight. For example, the large triangular
region of rough-salt located immediately north of the geologic map centerline is
substantially reduced in size on the TIMS image and shows the development of
several large semicircular embayments. Previously mapped areas of eroded-salt
located to the northwest of the triangular rough-salt region appear black on the
recent TIMS image--indicating a smooth, moist, halite/mirabilite crust, rather than
an older surface of eroded-salt pinnacles. What these changes may represent in
terms of the recent precipitation history of the Death Valley region is considered

below.
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Discussion

The classified TIMS data depict a number of mineralogical units within the
Death Valley salt pan that reflect important aspects of the playa ground-water
chemistry, hydrology, and desiccation stage. For example, the Na-rich character
of Cottonball Basin inflow waters was indicated by abundant thenardite in many of
the efflorescent salt crusts. In contrast, the more Ca-rich inflow waters of the
Badwater Basin were marked by the local development of gypsum-dominated
crusts. Extensive thenardite or gypsum crusts in both basins represent zones of
near-surface ground water that are slightly elevated and, therefore, protected from
periodic flooding and immersion. Ground water had less involvement in the
formation of some of the other mineralogical units. In particular, the illite-
muscovite- and quartz-rich units (dark blue pixels and green pixels) represent areas
of surface water runoff and primarily detrital silicate sedimentation. The carbonate
zone and silty halite units (orange pixels) appeat to be intermediate in terms of
efflorescent salt content and ground-water influence.

Several features of the salt pan wore discernible to some degree based on
textural or moisture variations rather than mineralogical variations. For example,
major areas of spring discharge in the salt pan were marked in some cases by
mineralogical features (e. g., gypsum crusts) and in other cases by cool psecudo-
temperatures related to the evaporation of surface moisture. Similar moisture
effects were seen in the Badwater Basin where evaporation enhanced the lowering
of surface temperatures over the highly reflective halite crusts. Understanding the
TIMS sensitivity to moisture variations is an objective of ongoing field studies.

The halite-rich rough-salt unit produced characteristic low-contrast spectral
curves related to cavity radiator behavior and the absence of any minerals exhib-
iting strong spectral absorption bands. Low spectral contrast can also result from

fine particle size (Salisbury and others, 1991), end thus, thermal-infrared spectral
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data alone are not sufficient for identifying rough-salt material. The unusual
microtopography of the rough-salt does produce a strong radar backscatter signal
{Schaber and others, 1976), and the use of radar data in conjunction with thermal-
infrared data may afford the best means of mapping rough-salt surfaces.

The Death Valley salt pan undergoos seasonal-to-interannual cycles of
wetting and desiccation related to regional precipitation variations. Several
remote-sensing observations can be used to estimate desiccation progress, and
similar observations should be applicable to playas in other areas. One desiccation
indicator is the “crusting over” of mudflats in the central salt pan, which early in a
drying cycle exhibit silicate mineral spectra, later followed by spectral mixtures of
evaporates with or without silicates. The minerals involved in the spectral mixtures
may be different for different playas, but the desiccation behavior of the central
mudflat subenvironment should be consistent. Another type of indicator is the
development of halite-rich spectral mixtures with mirabilite or other highly soluble
phases that do not form until late in the desiccation cycle. Again, although
mirabilite mixtures were common in Death Valley, other minerals may be important
in playas with different brine compositions. Finally, there is the observation noted
above that the evaporation of surface moisture can reduce the temperature of salt
crusts. The shrinkage of areas affected by this evaporative cooling may provide a
remote-sensing indicator of desiccation progress during a wetting/drying cycle.

The desiccation phenomena described above occur in response to relatively
short-term moisture fluctuations. Other features within a playa have different
susceptibilities to regional moisture changes. For example, more permanent
features, such as the rough-salt and eroded-salt unit boundaries, are likely to
reflect moisture variations on longer time scales.

In recent decades several floods within the Death Valley salt pan have

sharply reduced the areas of the rough-salt and eroded-salt map units of Hunt and
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others (1966). The floods were caused by heavy inflow from the Amargosa River,
including major episodes in 1969 and 1983-84 when the central portion of Bad-
water Basin was immersed to depths exceeding one meter (Hunt, 1975; U. S.
Geological Survey, 1984; 1985). The 1969 and 1983-84 floods raised water
levels enough to destroy the characteristic microtopography along the rough-salt
and eroded-salt unit margins. Some of these changes were noted by Hunt (1975)
and the development of the changes through time is clearly seen on aerial
photographs (Plate 3). That the 1983-84 flooding was especially unusual is
shown by the large affected area of rough salt and the lack of subsequent
regeneration of the rough- salt and eroded-salt units (compare Figure 7 and Plates
2 and 3). Other available photographic images and climatic data suggest that
changes in the Badwater Basin salt deposits of the magnitude seen in 1983-84 had
not occurred for at least the preceding 72 years (unpublished data--Death Valley
National Park photographic archives; Death Valley National Park precipitation
records) It therefore seems likely that the time scale for such destructive flooding
events, and the time scale for the salt units to regenerate, is on the order of
decades, or longer.

Moisture variations on decadal-to-centennial timescales are occurring in
Death Valley, Figure 9 shows a three-year running average of rainfall measured at
the Furnace Creek Ranch from 1913-1993. Even in these smoothed data there is
marked interannual variability; however, it is evident that the past two and one-
half decades have been distinctly wetter on average than the five preceding
decades, This overall pattern of increased precipitation has been observed
throughout the Great Basin, as shown by tree-ring data from northeastern Nevada
(Nichols, 1989), and by the expansion of the Great Salt Lake from an historic

minimum level in 1963 to an historic maximum in 1986 (Hassibe and Keck, 1991).
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Are the shifting salt unit boundaries a response to decadal-scale climatic
changes or simply an effect of rare weather conditions? To answer this question
will require a more complete review of regional climatological data, perhaps com-
bined with evaporation and runoff modeling of the Death Valley hydrologic basin.
Investigation of thermoluminescent and other dating techniques that might be used
to determine the ages of salt units is also needed. !f playa observations are to
provide a basis for climate monitoring, many playas will need to be examined and
changes in their salt units related to available climatic and other data. Our
understanding of playaevaporite crusts and their response to climatic change
remains limited, However, it is clear that playas offer unusual opportunities for
studying climatic effects on hydrology and other environmental aspects of arid

basins,
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Summary and Conclusions

A single flight line of Thermal Infrared Multispectral Scanner (TIMS) data
was acquired in April, 1994, over Death Valley, California, and used to study the
evaporite mineralogy of the salt pan. The data were calibrated, corrected for
atmospheric effects using the MODTRAN radiative transfer model, 8nd processed
to extract emissivity information by using the method of alpha-residuals. An
unsupervised K-means classification algorithm was used initially to aid in
identifying spectrally distinct materials. A supervised classification based on a
vector-angle measure of spectral similarity was then applied to map nine spectral
classes representing various surface materials. These classes were displayed in
different colors on a pseudo-temperature image derived as part of the alpha-

residual procedure.

The map patterns of the spectral classes were investigated by using
laboratory and field spectroscopic measurements, and by X-ray powder diffraction
studies of field samples. The spectral differences between units were found to
reflect a number of factors including evaporite and silicate mineralogy, moisture
variations, and mixture effects. Natural halite-mirabilite crusts showed unusual
spectral features resulting from the transmission of energy through small grains of
mirabilite suspended in a matrix of halite. These spectral features were measured
in the field and recreated by laboratory experiments in which artificial mixtures of
NaCl and Na,S0,were crystallized together from solution.

Evaporite mineral distributions show important relations to the inflow water
chemistry and hydrology of the Death Valley salt pan. Large areas of thenardite
(sodium sulfate) were limited to the northern Cottonball Basin, an area whore
inflow waters are rich in sodium. Extensive gypsum (calcium sulfate) crusts
occurred in the Badwater Basin, particularly near springs characterized by more

calcic ground waters. Abundant evaporite minerals generally marked areas where
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ground water is periodically near the surface, and thus, able to replenish the salt
crusts via capillary evaporation. Detrital silicate minerals predominated in other
areas where shallow ground water was absent. There were close similarities
between the classified TIMS imagery and the units defined on an existing geologic
map of the salt pan. Although the geologic map was largely based on geomorphic
features and sedimentary facies in the shallow subsurface, a number of map units
had some mineralogical or textural expression that was discernible with the TIMS
data, As thermal-infrared data become more widely available, it will be necessary
to better understand relations between surface spectral properties and subsurface
materials and processes.

Different mineralogical features of playas respond to regional moisture
variations on different time scales. For example, salt crusts formed on low-lying
floodplains reflect seasonal-to-interannual wetting/desiccation cycles. Other
features of playa evaporite crusts may reflect longer-term climatic changes. In
particular, the shrinkage of rough- and eroded- salt units in Death Valley due to
recent episodes of flooding may represent a response to increased regional
precipitation spanning several decades. Understanding playa responses to climate
change will require a synthesis of mineralogical information and climatological data
from many different playa settings.

Observations like those of the present study require sensors which have at
least four to six channels in the 8-12 yum wavelength region, a capability that is
currently available only on airborne systems. A major step forward in thermal-
infrared remote-sensing will occur with the launch of the Earth Observing System
AM-1 platform in 1998. The platform will include] the Advanced Spaceborne
Thermal Emission and Reflectance Radiometer (ASTER), which will provide
multispectral-thermal imagery, albeit at lower spatial resolution (90 m pixels) than

the TIMS data used here (20 m pixels). With ASTER data it should be possible to
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detect and monitor important changes in playas and to study related climatic and

environmental variables on a global scale.
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Figure Captions

Figure 1A. Laboratory directional-hemispherical reflectance spectra converted to
emissivity using Kirchhoff's law (Emission = 1 -Reflectance) for a number of
common evaporite minerals. The same spectra are plotted on the right after
convolution to the six TIMS filter functions. Spectra are offset on the vertical axis
for clarity; bracket indicates an emissivity interval of 0.1 except for the ulexite and
trona spectra, where the indicated interval is 0.05. Y intercept values are 0.99,

0.99, 0,93, 1.0, 1,0, 0.98, 0.98, and 0.97 (top to bottom).

Figure 1 B. Laboratory directional-hemispherical reflectance spectra converted to
emissivity using Kirchhoff's law (E= 1-R) for a number of common silicate
minerals. The same spectra are plotted on the right after convolution to the six
TIMS filter functions. Spectra are offset on the vertical axis for clarity; bracket
indicates an emissivity interval of 0.1 except for quartz, where the ‘indicated

interval is 0.2. Y intercept values are 0.92, 0.99, 0.98, 0.99, 0.99, and 0.99 (top

to bottom). -

Figure 2. Generalized geologic map of study area modified from Hunt and Mabey
(1366). Abbreviated geographic names: EBS = Eagle Borax Spring; TS = Tule

Spring; FCR = Furnace Creek Ranch. Centerline of TIMS imagery also shown.

Figure 3. (left) Emissivity spectra of field samples representing various image
spectral classes. Spectra are offset on the vertical axis for clarity; bracket
indicates an emissivity interval of 0.05 except for “E, ” where the indicated interval
is 0.15. Y intercept values are 0.98, 0.96, 0.98, 0.90, 0.92, 0.97, and 0.95 (top
to bottom). The majority of spectra were recorded in the field using the gFTIR field

emission spectrometer. In the cases of spectra ‘C,” “E,” and “G, ” laboratory
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directional-hemispherical reflectance spectra of field samples were converted to
emissivity by using Kirchhoff's law (E= 1-R). (middle) Spectra from the left column
after convolution to the six TIMS filter functions. (right) Alpha-residual spectra for
single pixels extracted from the TIMS data. Areas used for the extraction are
labeled "A"-"G" on Plate 1, with the exception of area “6,” which is on Plate 2.
Surficial units represented by these spectra are: “A, ” thenardite-rich crusts in
saline facies of sulfate zone; “B, "silty halite, smooth facies, and carbonate zone,
silty facies; “C, " gypsum crusts; “D, " illite/muscovite-rich alluvial deposits; “E, ”
quartz-rich fan gravels and mudflats; ‘F, ” massive halite and silty halite, rough
facies; “G,” mixed silicate and evaporite mineral crusts on floodplains. Unit

descriptions are modified from Hunt and others (1966).

Figure 4. Spectral model of mixed silicate and evaporite mineral crusts on
floodplains of the central Cottonball Basin (Plate 1, unit “G’). Alpha-residual
spectra for this unit, represented by the upper curve, can be modeled as a spectral
mixture of muscovite and glauberite-bearing crust. Such mixtures may have been
common at the time of the TIMS overflight assuming that the central mudfiat areas
had not completely crusted-over. Although muscovite is an important constituent
of the floodplain sediments, other silicates, including smectitic clay, feldspar, and

gquartz, are also present and may be involved in the spectral response.

Figure 5. Geologic map of Recent saline deposits in Cottonball Basin (modified
from Hunt and others, 1966). Abbreviations of map units: mf = marsh facies;

¢s = saline facies of sulfate and carbonate zones; sh = silty halite, smooth facies;
sf = sand facies of carbonate zone; rs =silty halite and massive halite, rough facies;
es= eroded\ halite; fp =: floodplain deposits. Descriptions of each map unit are

provided in Table 2.
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Figure 6. (left) Emissivity spectra of field samples representing various image
spectral classes. Spectra are offset on the vertical axis for clarity; bracket
indicates an emissivity interval of 0.05 except for “N”, where the indicated interval
is 0.1. Y intercept values are 0.84, 0.95, 0.96, 0.98, 0.96, 0.98, and 0.75 (top to
bottom). The majority of spectra were recorded in the field using the uFTIR field
emission spectrometer. In the case of samples “L” and “N, ” the laboratory hemis-
pherical reflectance was converted to emissivity by using Kirchhoff's law (E= 1 -R).
(middle) Spectra from the left column after convolution to the six TIMS filter
functions. (right) Alpha-residual spectra for single pixels extracted from the TIMS
data. Areas used for the extraction are labeled "H"-"N" on Plate 2. Surficial units
represented by these spectra are: “H,” "I,”and “J”, smooth halite-rich crusts on
floodplains; “K, " gypsum crusts; “L,” quartz-rich alluvial deposits; “M, "
illite/muscovite-rich alluvial deposits; “N,” mixed silicate and evaporite mineral
crusts on floodplains. Unit descriptions are modified from Hunt and others (1966).
Note that the uFTIR spectra for samples with low emissivity in the 10.0-12.5 um
wavelength region (Spectra “t-1“-"J") show the saw-tooth effects of a calibration
error (see text), A better comparison can be made between convolved laboratory
spectra and alpha-residual spectra for sample areas that exhibit the 10.6 um

emissivity minimum (compare curve “N, ” middle column, with curves "H™ and “i,

right column).

Figure 7. Geologic map of Recent saline deposits in Badwater Basin (modified
from Hunt and others, 1966). Abbreviations of map units: mf == marsh facies;
cs = saline facies of sulfate and carbonate zones; ci = silt facies of the carbonate
zone; mg = massive gypsum; rs = silty halite and massive halite, rough facies;
es = eroded halite; sh = silty halite, smooth facies; sf = sand facies of carbonate

zone; fp = floodplain deposits; ds = dune sand. Unit descriptions are in Table 2.
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Figure 8. Experimental data to explain the origin of emissivity minima near 10.6
pum (reflectance maxima) in halite-rich crusts of the central Badwater Basin and
elsewhere. Upper panel--Spectral curve “C” is a laboratory spectrum of a natural
sample which shows a deep reflectance feature near 9.0 um and & strong increase
in reflectance to 10.6 um. Such features are not caused by halite, which lacks
spectral features in the 8.0-12.5 um wavelength region. The natural sample
spectrum resembles the spectrum of an artificial salt crust produced by crystal-
lizing an aqueous solution of NaCland NapSOg4ina 9:1 mixture (curve “B”).

Curve “A” is atransmission spectrum of mirabilite that has been resealed for
comparison to the two reflectance spectra “B” and “C. ” The 9.0 um feature seen
in the reflectance spectra, as well as the weaker feature near 10.0 um, appear to
be caused by transmission behavior of mirabilite. A mirabilite-like phase is
consistently found in X-ray powder diffraction analyses of halite-rich crusts that
exhibit this spectral behavior (Table 3). Lower panel--The natural sample
reflectance (Upper panel, curve “C”) was transformed to emissivity by using
Kirchhoff's Law (E= I-R), yielding curve “D.” This spectrum was convolved to the
TIMS filter functions (curve “E”) for comparison to a representative alpha-residual

spectrum extracted from the TIMS data set (curve “F”).

Figure 9. Precipitation data for the Furnace Creek Ranch, 1913-93. Data are
presented as a three-year running average to suppress year-to-year variations and
to more clearly show long-term trends. Precipitation totals for the most recent two
and one-half decades are well above the average for the period of record. Other
climatic data sets point to increased regional precipitation throughout the Great

Basin for the same time period.




40

Plate Captions
Plate 1. Pseudo-temperature image of the Cottonball Basin study area with color

overlays showing the distribution of various spectral classes. Labels A-G indicate
areas used to extract the single-pixel alpha-residual spectra shown in Figure 3.
Note that the “B” extraction site is on Plate 2. Surficial units represented by
various image colors are: “A, ” yellow pixels--thenardite-rich crusts in saline facies
of sulfate zone; Orange pixels--silty halite, smooth facies, and carbonate zone,
silty facies; “C, " red pixels--gypsum crusts; “D, " dark-blue pixels--illite/muscovite-
rich alluvial deposits; “E, ” green pixels--quartz-rich fan gravels and mudflats; “F, ”
cyan pixels--massive halite and silty halite, rough facies; “G, ” light-green pixels--
mixed silicate and evaporite mineral crusts on floodplains. Unit descriptions are

modified from Hunt and others (1 966).

Plate 2. Pseudo-temperature image of the Badwater Basin study area with color
overlays showing th8 distribution of various spectral classes. Labels H-N indicate
areas used to extract the single-pixel alpha-residual spectra shown in Figure 6; the
spectrum for site “B” is shown in Figure 3. Surficial units represented by various
image colors are: Yellow pixels--thenardite-rich crusts in saline facies of sulfate
zone; “B,” orange pixels--silty halite, smooth facies, and carbonate zone, silty
facies; “H,” “i,* and “J”, magenta, salmon, and black pixels--smooth halite-rich
crusts on floodplains; “K, ” red pixels--gypsum crusts; ‘L, ” green pixels--quartz-rich
alluvial deposits; “M, ” dark-blue pixels--illite/muscovite-rich alluvial deposits; “N, ”
light-green pixels--mixed silicate and evaporite mineral crusts on floodplains. Cyan
pixels--massive halite and silty halite, rough facies. Unit descriptions are modified
from Hunt and others (1 966). “O” indicates a rough-salt area that has changed

since the geologic mapping by Hunt and others (1966).
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Plate 3. Aerial photographs of the central Badwater Basin showing changes in the
halite-rich rough-salt unit of Hunt and others (1 966) occurring from 1948-1989.
Note the dark boot-shaped feature seen in the upper half of the 1948 and 1976
images and its markedly reduced size in the 1989 image. Erosion of the unit

resulted from flooding episodes in 1969 and 1983-84.




Table 1. X-ray powder diffraction analyses for reference minerals and field samples.

Minerals listed in order of abundance. Minor components indicated by (m).

Thenardite
Gypsum
Anhydrite
Hexahydrite
Bloedite
Glauberite
Ulexite

Trona

Quartz
Albite
Muscovite
tllite
Kaolinite

Montmorillonite

XRD Composition

Figura 1A- Evaporite Refere nce Minerals

thenardite (Saline Valley, Calif.)
gypsum (Mesquite Playa, Calif.)
synthetic sample (R. A.Robie, USGS)
synthetic sample (. K. Crowley, USGS)
bloedite (Soda Lake, Catif.)

glauberite (NMNH R591 4)!

ulexite (Boron, Calif. )

trona (Green River Fm, Wyo.)

Figure 1B- Silicate Reference Minerals

quartz (Death Valley, Calif.}

albite (HS-662; Amelia, Virg.)

muscovite (Mt. Turner, Australia)

illite {(Marblehead, Wis. )

kaolinite (Mesa Alta, New Mex., CM S-93)

montmorilionite (Apache Co., Ariz.)
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Muscovite

Glauberite Crust
(evaporite fraction)

Glauberite Crust
(detrital fraction)

M

N

Figure 3- Field Samples. Cottonball Basin
Halite, thenardite, dolomite, quartz, muscovite
Albite, halite, muscovite, quartz, dolomite (mj}, calcite (m)
Gypsum, anhydrite
Dolomite, calcite, quartz, albite, illite/muscovite
Quartz
Halite, thenardite (m)

Halite, glauberite, mirabilite (m)

Eigure. 4- Silicate-Evaporite Mixtures
muscovite (Mt. Turner, Australia)

Halite, glauberite, mirabilite {m)
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Quartz, muscovite, albite, smectite, dolomite (m), kaolin (ml

Eigure 6- Field Samples, Badvvater Basin
Halite, mirabilite (M)
Halite, mirabilite (m)
Halite, mirabilite (m)
Anhydrite, bassanite, gypsum
Halite, quartz, dolomite, calcite, gypsum, muscovite (m)
Halite, quartz, abite, calcite, illite/muscovite

Halite, mirabilite (m)

' Sample obtained from the Smithsonian Institution National Museum of Natural History

2 Sample obtained from Hunt and Salisbury mineral collection, USGS, Denver, Colo.

i Clay Mineral Society standard sample CMS-9




Table 2. Description of Recent saline deposits modified from Hunt and others (1966)

mf -- Marsh deposits

cs -- Saline facies of
carbonate and

sulfate zones

ci -- Silt facies of

carbonate zone

sf -- Sand facies of

carbonate zone

mg -- Massive

gypsum

rs -- Rough salt

Ground generally wet. Sulfate salts with halite, except carbonate

salts in marsh areas on east side of Cottonball Basin.

Surface layer is brown silt 15-45 cm thick containing sulfate salts.
Underlain by irregular slabby halite 30-100 cm thick. Low parts are
subject to flooding by rise of water table during protracted wet

periods.

Silty playa beds impregnated with carbonate salts and capped by
crust of halite in blister forms 2-8 crn thick. Sulfates occur as small
nodules in a layer 1 cm thick about 8 Cm below surface. Ground is
generally damp and frequently wet from a combination of surface

runoff and shallow ground water.

Carbonate salts impregnating sandy playa deposits, commonly with

a caliche-like layer of sulfate salts 8-15 cm below surface. Ground

elevated and subject to flooding onty by local runoff.

60-200 cm thick, capped by anhydrite Or bassonite. A surface is a
silty layer containing various salts and elastic mineral, probably

eolian. Elevated and protected against flooding.

Includes silty rock salt, rough facies, and massive rock salt unit of
Hunt and others (1966). Silty rock salt is capped by a silt layer 2-5
cm thick containing sulfate salts. Surfaces are rough. Elevated and

protected against flooding.
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es -- Eroded salt

sh -- Silty halite

fp -- Flood plains

ds -- Dune sand

Silty rock salt 2-40 cm thick, overlies silt. Reworked from other

chloride zone deposits. Subject to occasional flooding.

Silty rock salt, smooth facies, of Hunt and others (1966). Surface
layer is silt 5-50 cm thick containing sulfate and borate salts, Thins
panward. Underlain by smooth layer of halite 5-50 cm thick that
thickens panward. Subject to some flooding by runoff on this

surface.

Sand and silt. Extensive salt efflorescence and thin salt crusts.

Seasonally flooded.

Active dunes. Surface rarely flooded. Ground water shallow but low

in dissolved solids.
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Table 3. X-ray diffraction data for halite-rich sample containing mirabilite(?) impurities.

Sample Mineral assignment’ Mirabilite (11 -647)*
A~ _Iﬁt;sgl e T  Intensity
7.56 12 M 7.55 1
- .- - 6.11 17
5.54 41 M 5.49 100
5.34 23 M 5.32 25
5.23 14 M 5.17 5
4.90 12 M 4.88 20
- - - 4.77 45
-- 4.32 20
4.09 7 A - -
3.94 17 M 3.95 15
3.86 12 M 3.83 40.
- - - 3.58 17
- .. 3.40 17
3.25 62 H, M 3.26 60
-- 3.21 75
- 3.11 60
3.06 7 M 3.06 3
2.94 18 M, A 2.94 13
- -- - 2.85 20
2.82 100+ H, M 2.80 30
- o 2,74 13
- - 2.69 11
-- - . 2.57 13

-- -- - 2.52 35




a7

- - . 2,49 20

- - .- 2,44 25

1.99 100+ H
Y H = Halite, A = Aphthitalite, M = Mirabilite
*Minor peaks are omitted from the reference pattern unless a sample peak was observed at

that position.
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RAINFALL (INCHES)

DEATH VALLEY, CALIFORNIA
3-YEAR AVERAGE Precipitation 1913-89
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